The third generation of China's BeiDou Navigation Satellite System (BDS-3) began to provide global services on 27 December, 2018. Differential code bias (DCB) is one of the errors in precise BDS positioning and ionospheric modeling, but the impacts on BDS-2 satellites and receiver DCB are unknown after joining BDS-3 observations. In this paper, the BDS-3 DCBs are estimated and analyzed using the Multi-Global Navigation Satellite System (GNSS) Experiment (MGEX) observations during the period of day of year (DOY) 002-031, 2019. The results indicate that the estimated BDS-3 DCBs have a good agreement with the products provided by the Chinese Academy of Sciences (CAS) and Deutsche Zentrum für Luft-und Raumfahrt (DLR). The differences between our results and the other two products are within ±0.2 ns, with Standard Deviations (STDs) of mostly less than 0.2 ns. Furthermore, the effects on satellite and receiver DCB after adding BDS-3 observations are analyzed by BDS-2 + BDS-3 and BDS-2-only solutions. For BDS-2 satellite DCB, the values of effect are close to 0, and the effect on stability of DCB is very small. In terms of receiver DCB, the value of effect on each station is related to the receiver type, but their mean value is also close to 0, and the stability of receiver DCB is better when BDS-3 observations are added. Therefore, there is no evident systematic bias between BDS-2 and BDS-2 + BDS-3 DCB.
Introduction
As is well-known, the second generation of China's BeiDou navigation satellite system (BDS-2) is a regional system, which has been providing service in the Asia-Pacific region since the end of 2012 [1] . In recent years, with the rapid development of China's BeiDou Navigation Satellite System (BDS), the third generation of China's BeiDou navigation satellite system (BDS-3) began to provide global services on 27 December, 2018 [2] . BDS-3, unlike BDS-2, is a global system which is planned to be completed in 2020 [3] . The differential code bias (DCB) is one of errors in the Global navigation satellite system (GNSS) precise positioning and ionospheric modeling [4] [5] [6] . Lanyi and Roth [7] estimated total ionospheric electron content with taking into account DCB. Choi and Lee [8] found that grounding influences on DCB. Themens et al. [9] found that solar cycle variability in bias can be caused with All stations support the tracking of BDS-2 satellites, of which, about 120 stations support the tracking of BDS-2 and BDS-3 satellites simultaneously. The stations that support the tracking of BDS-3 are distributed globally. The observation types used in our study were C2I, C6I, and C7I for BDS-2 and BDS-3 data. Thus, the estimated DCBs were C2I-C6I and C2I-C7I.
However, although more and more stations can track BDS-3 satellites, the number of the BDS-3 satellite is still less than that of the BDS-2 satellite. Figure 2 demonstrates the monthly mean of available epochs for BDS, which shows that the number of available epochs for BDS-2 is several times larger than that for BDS-3. The reason could be related to the fact that BDS-3 has not been completed completely. For BDS-2, the number of available epochs for C2I-C7I is more than that for C2I-C6I since more stations can track C2I and C7I observations of BDS-2. However, the number of available epochs for C16 is less than other satellites, which may be attributed to the late launch and operation of the C16 satellite. In terms of BDS-3, the number of available epochs for C2I-C6I is larger than that for C2I-C7I except for C23 and C24, which may be attributed to the more stations that can track C2I and C6I observations of BDS-3. Furthermore, the number of available observations for BDS-3 satellites is not as stable as that for BDS-2.
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DCB Estimation Based on GIM

The slant TEC (STEC) can be obtained by the geometry-free observations when ignoring the higher order effects of the ionosphere, which can be written as follows [33] :
where P s i and P s j denote the pseudo range observations at the frequency f i and f j , respectively; STEC refers to the slant total electron content in the signal propagation path between GNSS satellites and ground receivers; c represents the speed of light in vacuum; DCB r and DCB s denote the receiver and satellite DCB, respectively. VTEC represents the vertical TEC along the vertical direction upon the ionospheric pierce points. M(z) represents the single layer mapping function for converting STEC to VTEC, which can be defined as follows [34] :
where R refers to the average radius of the Earth; H denotes the assumed single-layer ionosphere height; z and z denote the satellite zenith angles of a satellite at the receiver and the corresponding IPP, respectively. As is well known, Equation (1) is used for the receiver and satellite DCB estimation. For the sake of convenience, ionospheric delays of Equation (1) is eliminated by using an existing GIM provided by Center for Orbit Determination in Europe (CODE) [16] . The DCBs of satellite and receiver are estimated as one constant per day, respectively, while a 20 • cutoff elevation angle is set to mitigate multipath errors. Thus, the total values of satellite plus receiver DCB can be expressed as below:
where N s r refers to the total number of epochs in the signal propagation path between the receiver r and satellite s; k refers to the epoch. The correlation between satellite and receiver DCB leads to the singular system of normal equations. The zero-mean condition on satellite DCBs needs to be adopted, which can be defined as below [34] :
where N S denotes the total number of BDS satellites. Furthermore, we estimate the receiver and satellite DCB by adopting two solutions (BDS-2 + BDS-3, BDS-2-only) to analyze the impacts on satellite and receiver DCB after combing with BDS-3 observations. The estimated method also can be used for DCB estimation of other GNSS. However, the part of the analysis is mainly for BDS. The DCB of satellite and one particular receiver for the two solutions can be expressed as:
where N S1 refers to the total number of satellites available of BDS-2 and BDS-3 while N S2 denotes the total number of satellites available of BDS-2, with RS1 and RS2 representing the sum of satellite plus receiver DCB for two solutions, respectively. It should be noted that the zero-mean condition is different under the two solutions due to the difference in the number of satellites between the two solutions. This difference brings about a bias of DCB for the same satellite and the receiver of the same station between the two solutions. Thus making it impossible to directly compare the BDS-2 satellite DCB and receiver DCB calculated by the two solutions. To implement the analysis of DCB estimated by the two solutions, it is necessary to unify the zero-mean conditions of BDS-2 + BDS-3 solutions to that of BDS-2 solutions. In other words, the zero-mean conditions of BDS-2 + BDS-3 solution need to be changed from
Therefore, the values of satellite DCB and receiver DCB need to be corrected correspondingly due to the change of zero-mean condition [16] . The zero-mean condition of BDS-2 + BDS-3 solution can be expressed as:
As it can be seen, in order to satisfy the changed zero-mean condition, the satellite DCB of BDS-2 + BDS-3 solution need to be corrected with an increment of 1 N S2 N S1 s=N S2 +1 DCB s . Thus, the corrected satellite DCB of BDS-2 + BDS-3 solution can be expressed as:
For receiver DCB of a station, before and after the change of zero-mean condition, it can be expressed as:
. . .
where n refers to the number of satellites the station can track; rsn represents the sum of satellite DCB plus receiver DCB. From Equations (7) and (8), due to the constant value of rsn, the DCB value of each satellite is corrected with an increment, and the corresponding receiver DCB also needs to be corrected. It can be expressed as:
Therefore, based on Equations (7)-(9), the zero mean conditions of the two solutions are unified, and comparison and analysis between the BDS-2 satellite DCB and receiver DCB estimated by the two solutions can be conducted.
Results and Discussion
Estimation of BDS-3 Satellite DCB
In our study, the BDS-3 DCBs are estimated based on the MGEX observations during the period of DOY 002-031, 2019. Figure 3 reprents the BDS-3 satellite C2I-C7I and C2I-C6I DCBs time series value, showing that the BDS-3 satellite DCB varies between -25 and 20 ns. A small periodic oscillation can be found in the time series of all satellites (except C18) DCB, because all satellites (except C18 as an inclined geosynchronous satellite orbit (IGSO) satellite) are medium Earth orbit (MEO) satellites and this variation may be related to the characteristic of one-week repeat ground track for MEO satellites. Furthermore, periodic ground track may exert a systematic impact on the tracking network, which will lead to the small period oscillation of the MEO satellite DCB [14] . On DOY 011-013 and DOY 016-017, 2019, all satellites show small jump since nothing was observed from C2I-C6I of C18 satellite. Furthermore, the monthly maximum fluctuation of BDS-3 satellite C2I-C7I and C2I-C6I DCB, presented in Figure 4 , showing that the maximum fluctuations of mostly satellites are within 0.6 ns. The maximum fluctuations of C2I-C7I DCB for most satellites are larger than those of C2I-C6I because of the fewer C2I-C7I observations for BDS-3 satellites. As shown in the DCB time series value, our estimated BDS-3 satellites DCB are stable. an inclined geosynchronous satellite orbit (IGSO) satellite) are medium Earth orbit (MEO) satellites and this variation may be related to the characteristic of one-week repeat ground track for MEO satellites. Furthermore, periodic ground track may exert a systematic impact on the tracking network, which will lead to the small period oscillation of the MEO satellite DCB [14] . On DOY 011-013 and DOY 016-017, 2019, all satellites show small jump since nothing was observed from C2I-C6I of C18 satellite. Furthermore, the monthly maximum fluctuation of BDS-3 satellite C2I-C7I and C2I-C6I DCB, presented in Figure 4 , showing that the maximum fluctuations of mostly satellites are within 0.6 ns. The maximum fluctuations of C2I-C7I DCB for most satellites are larger than those of C2I-C6I because of the fewer C2I-C7I observations for BDS-3 satellites. As shown in the DCB time series value, our estimated BDS-3 satellites DCB are stable. To further verify our estimated BDS-3 satellite DCB, the estimated DCB was evaluated with refernece to the BDS DCB products provided by CAS and DLR. The bias and standard deviation an inclined geosynchronous satellite orbit (IGSO) satellite) are medium Earth orbit (MEO) satellites and this variation may be related to the characteristic of one-week repeat ground track for MEO satellites. Furthermore, periodic ground track may exert a systematic impact on the tracking network, which will lead to the small period oscillation of the MEO satellite DCB [14] . On DOY 011-013 and DOY 016-017, 2019, all satellites show small jump since nothing was observed from C2I-C6I of C18 satellite. Furthermore, the monthly maximum fluctuation of BDS-3 satellite C2I-C7I and C2I-C6I DCB, presented in Figure 4 , showing that the maximum fluctuations of mostly satellites are within 0.6 ns. The maximum fluctuations of C2I-C7I DCB for most satellites are larger than those of C2I-C6I because of the fewer C2I-C7I observations for BDS-3 satellites. As shown in the DCB time series value, our estimated BDS-3 satellites DCB are stable. To further verify our estimated BDS-3 satellite DCB, the estimated DCB was evaluated with refernece to the BDS DCB products provided by CAS and DLR. The bias and standard deviation To further verify our estimated BDS-3 satellite DCB, the estimated DCB was evaluated with refernece to the BDS DCB products provided by CAS and DLR. The bias and standard deviation (STD) of our estimated BDS-3 satellite DCB with respect to the CAS and DLR are shown in Figure 5 , while the products of BDS-3 C2I-C7I are not provided by DLR during the period of DOY 2-31, 2019. It can be seen that our estimated BDS-3 DCB shows good agreement with CAS and DLR. The bias of BDS-3 C2I-C7I and C2I-C6I DCB is less than 0.2 ns, with the STDs of mostly less than 0.2 ns. For C2I-C7I DCB, the mean bias and STD with respect to the CAS are 0.06 and 0.18 ns, respectively, while those for C2I-C6I DCB are 0.09 and 0.15 ns, and the values with respect to the DLR are 0.10 and 0.13 ns, respectively. Compared with the C2I-C7I DCB, the bias of C2I-C6I DCB with respect to CAS/DLR shows a larger value, because fewer C2I-C6I observations are available for some satellites (e.g., C23, C24, C35, C36, and C37). However, the STDs of C2I-C6I DCB with respect to CAS/DLR are less than those of C2I-C7I DCB, which may probably be related to ionk of Equation (3) [16] . According to the Equation (3),
, we can know that the impact on the DCB caused by ionospheric errors is related to ionk. C2I-C6I DCB is less affected by ionospheric errors than C2I-C7I DCB due to the ionk of C2I-C6I is smaller than that of C2I-C7I. Thus, the STD of C2I-C6I DCB is smaller than that of C2I-C7I DCB, indicating that C2I-C6I DCB is more stable than C2I-C7I. (STD) of our estimated BDS-3 satellite DCB with respect to the CAS and DLR are shown in Figure 5 , while the products of BDS-3 C2I-C7I are not provided by DLR during the period of DOY 2-31, 2019. It can be seen that our estimated BDS-3 DCB shows good agreement with CAS and DLR. The bias of BDS-3 C2I-C7I and C2I-C6I DCB is less than 0.2 ns, with the STDs of mostly less than 0.2 ns. For C2I-C7I DCB, the mean bias and STD with respect to the CAS are 0.06 and 0.18 ns, respectively, while those for C2I-C6I DCB are 0.09 and 0.15 ns, and the values with respect to the DLR are 0.10 and 0.13 ns, respectively. Compared with the C2I-C7I DCB, the bias of C2I-C6I DCB with respect to CAS/DLR shows a larger value, because fewer C2I-C6I observations are available for some satellites (e.g., C23, C24, C35, C36, and C37). However, the STDs of C2I-C6I DCB with respect to CAS/DLR are less than those of C2I-C7I DCB, which may probably be related to ionk of Equation (3) i j ionk f f = − , we can know that the impact on the DCB caused by ionospheric errors is related to ionk. C2I-C6I DCB is less affected by ionospheric errors than C2I-C7I DCB due to the ionk of C2I-C6I is smaller than that of C2I-C7I. Thus, the STD of C2I-C6I DCB is smaller than that of C2I-C7I DCB, indicating that C2I-C6I DCB is more stable than C2I-C7I. Furthermore, due to the differences of different GIMs, it is necessary to compare the DCB estimated using different GIMs. However, the GIM is not provided by DLR. Therefore, we estimate the BDS-3 DCB using the GIM from CAS for 30 days (DOY 2-31, 2019) as test cases. The mean differences and STD between estimated BDS-3 DCB using GIM from CODE and CAS are shown in Figure 6 . It can be seen that the mean difference and STD are mostly less than 0.1 ns. In fact, the difference between the GIM provided by CODE and CAS has a very small impact on DCB estimation. Furthermore, due to the differences of different GIMs, it is necessary to compare the DCB estimated using different GIMs. However, the GIM is not provided by DLR. Therefore, we estimate the BDS-3 DCB using the GIM from CAS for 30 days (DOY 2-31, 2019) as test cases. The mean differences and STD between estimated BDS-3 DCB using GIM from CODE and CAS are shown in Figure 6 . It can be seen that the mean difference and STD are mostly less than 0.1 ns. In fact, the difference between the GIM provided by CODE and CAS has a very small impact on DCB estimation.
Figure 6. Mean differences and STD between estimated BDS-3 C2I-C7I (top plot) and C2I-C6I
(bottom plot) DCB using global ionospheric map (GIM) from the CODE and CAS
Analysis of Satellite DCB
In order to analyze the differences of satellite DCB before and after adding BDS-3 observations, we estimate the BDS-2 satellite DCB by adopting BDS-2 + BDS-3 and BDS-2-only solutions. Figure 7 shows the differences in BDS-2 satellite DCB between two solutions. For C2I-C7I DCB, the mean value of differences are within ±0.05 ns, with the relatively stable difference during this period. However, the differences present larger mean values in C2I-C6I DCB, especially in the C16 satellite, for which, their fewer observations may be responsible, with their mean values mostly within ±0.1 ns. Compared with the two types of DCB, the differences of C2I-C6I DCB show obvious fluctuations because the fewer C2I-C6I observations of BDS-2 are available. It can be seen that the fluctuation of differences for the IGSO satellite (except for C16) is lower than that for MEO and geostationary earth orbit (GEO) satellites. In addition, a small oscillation can be found in the MEO satellite (e,g, C11, C12, and C14), which is related to the characteristic of a one-week repeat ground track for the MEO satellite [14] . In short, it is indicated that the values of effect on BDS-2 satellite DCB after combing with BDS-3 observations are close to 0. Therefore, it can be concluded that there is no evident systematic bias between the processed DCB by before and after combing with BDS-3 observations. Figure 8 shows the STD of our estimated BDS-2 satellite DCB and the products of CAS/DLR, clearly showing that the two solutions and DLR show the same scales of STD. The mean STD of C2I-C7I DCB for BDS-2 + BDS-3 solution, BDS-2-only solution, CAS and DLR is 0.10, 0.10, 0.31, and 0.11ns, respectively, with the mean STD of C2I-C6I DCB for them as 0.09, 0.09, 0.15, and 0.12ns, respectively. The mean STD of DCB for different BDS satellites is given in Table 1 . The results of the two solutions in Table 1 are almost identical, indicating that the STDs of BDS-2 satellite DCB for both BDS-2 + BDS-3 and BDS-2-only solutions are at the same level. In other words, there is no significant change in the stability of BDS-2 satellite DCB when combing with BDS-3 observations. 
In order to analyze the differences of satellite DCB before and after adding BDS-3 observations, we estimate the BDS-2 satellite DCB by adopting BDS-2 + BDS-3 and BDS-2-only solutions. Figure 7 shows the differences in BDS-2 satellite DCB between two solutions. For C2I-C7I DCB, the mean value of differences are within ±0.05 ns, with the relatively stable difference during this period. However, the differences present larger mean values in C2I-C6I DCB, especially in the C16 satellite, for which, their fewer observations may be responsible, with their mean values mostly within ±0.1 ns. Compared with the two types of DCB, the differences of C2I-C6I DCB show obvious fluctuations because the fewer C2I-C6I observations of BDS-2 are available. It can be seen that the fluctuation of differences for the IGSO satellite (except for C16) is lower than that for MEO and geostationary earth orbit (GEO) satellites. In addition, a small oscillation can be found in the MEO satellite (e.g., C11, C12, and C14), which is related to the characteristic of a one-week repeat ground track for the MEO satellite [14] . In short, it is indicated that the values of effect on BDS-2 satellite DCB after combing with BDS-3 observations are close to 0. Therefore, it can be concluded that there is no evident systematic bias between the processed DCB by before and after combing with BDS-3 observations. Figure 8 shows the STD of our estimated BDS-2 satellite DCB and the products of CAS/DLR, clearly showing that the two solutions and DLR show the same scales of STD. The mean STD of C2I-C7I DCB for BDS-2 + BDS-3 solution, BDS-2-only solution, CAS and DLR is 0.10, 0.10, 0.31, and 0.11 ns, respectively, with the mean STD of C2I-C6I DCB for them as 0.09, 0.09, 0.15, and 0.12 ns, respectively. The mean STD of DCB for different BDS satellites is given in Table 1 . The results of the two solutions in Table 1 are almost identical, indicating that the STDs of BDS-2 satellite DCB for both BDS-2 + BDS-3 and BDS-2-only solutions are at the same level. In other words, there is no significant change in the stability of BDS-2 satellite DCB when combing with BDS-3 observations. 
Analysis of Receiver DCB
Similarly, to analyze the impacts on the receiver DCB after combining with BDS-3 observations, we estimate the BDS receiver DCB by adding BDS-2 + BDS-3 and BDS-2-only solutions. Since fewer C2I-C7I observations can be tracked by BDS-3, the C2I-C6I receiver DCBs are mainly analyzed in 
Similarly, to analyze the impacts on the receiver DCB after combining with BDS-3 observations, we estimate the BDS receiver DCB by adding BDS-2 + BDS-3 and BDS-2-only solutions. Since fewer C2I-C7I observations can be tracked by BDS-3, the C2I-C6I receiver DCBs are mainly analyzed in this section. Table 2 lists the detailed information of these stations that can track both BDS-3 and BDS-2 simultaneously. Figure 9 shows the mean differences and STDs of receiver C2I-C6I DCB between BDS-2 + BDS-3, and BDS-2-only solutions. It obviously shows that the mean differences and STDs are mostly within ±1.5 and 0.3 ns, respectively, with their mean values as 0.04 and 0.14 ns, respectively. It indicates that the mean differences of receiver C2I-C6I DCB between the two solutions are close to 0. Furthermore, it can be found that the characteristics of the difference are related to receiver type. For these stations with the same receiver type (e.g., JAVAD, SEPT POL, and TRIMBLE), the differences of receiver C2I-C6I DCB between the two solutions are similar. In terms of these stations whose receiver type is JAVAD, SEPT POL, and TRIMBLE, corresponding to stations index 1-24, 25-66 and 67-106, the differences are all positive, negative, and around 0. However, the two stations (BRST and GANP) with TRIMBLE receiver reveal larger difference, because they just track can fewer observations. It can thus be concluded that the effect exerted by BDS-3 observations on receiver DCB is related to the receiver type. The effect for those stations whose receiver type is TRIMBLE is the lowest, followed by SEPT POL and JAVAD.
Moreover, the STD of receiver C2I-C6I DCB for the two solutions is shown in Figure 10 , with the stations being aligned by geomagnetic latitudes at the horizontal axis. It can be seen that the STDs of receiver DCB for the two solutions are mostly less than 0.4 ns, with the larger values of STD being more likely to exist at low latitudes. It indicates that receiver DCBs have a latitudinal dependence. This phenomenon has also been reported for other in some previous studies on receiver DCB for other GNSS [35] . Compared with the STD of the two solutions, the values of BDS-2 + BDS-3 solution are smaller than those of BDS-2-only solution for most stations, with their mean values being 0.24, and 0.28 ns, respectively. It can be concluded that this stability of receiver DCB is better when BDS-3 observations are added. 
Conclusions
In this paper, the BDS DCBs are estimated and analyzed by using the MGEX observations during the period of DOY 2-31, 2019. Our estimated BDS-3 DCB shows good agreement with CAS and DLR. The bias of BDS-3 C2I-C7I and C2I-C6I DCB are within ±0.2 ns, and the STDs are mostly within 0.2 ns. For C2I-C7I DCB, the mean bias and STDs with respect to the CAS are 0.06 and 0.18 ns, respectively. For C2I-C6I DCB, the mean bias and STDs with respect to the CAS are 0.09 and 0.15 ns, and the values with respect to the DLR are 0.10 and 0.13 ns, respectively. In order to analyze the effects on both satellite and receiver DCB after combining BDS-3 observations, BDS-2 + BDS-3 and BDS-2-only solutions are used to estimate the satellite and receiver DCBs. For BDS-2 satellite DCB, the values of effect are close to 0, with the very limited effect on stability of DCB. For receiver DCB, 106 stations with C2I-C6I observations are collected to conduct analysis. The value of effect on each station is related to the receiver type, but their mean value is close to 0, and the stability of the receiver DCB is better when BDS-3 observations are added. Therefore, it can be concluded that there is no evident systematic bias between BDS-2 and BDS-2 + BDS-3 DCB.
Author Contributions: All authors have read and agree to the published version of the manuscript. Conceptualization of the Manuscript Idea: Q.W. and S.J.; Methodology and Software: Q.W., J.C., and J.G.; 
Author Contributions: All authors have read and agree to the published version of the manuscript. 
In this paper, the BDS DCBs are estimated and analyzed by using the MGEX observations during the period of DOY 2-31, 2019. Our estimated BDS-3 DCB shows good agreement with CAS and DLR. The bias of BDS-3 C2I-C7I and C2I-C6I DCB are within ±0.2 ns, and the STDs are mostly within 0.2 ns. For C2I-C7I DCB, the mean bias and STDs with respect to the CAS are 0.06 and 0.18 ns, respectively. For C2I-C6I DCB, the mean bias and STDs with respect to the CAS are 0.09 and 0.15 ns, and the values with respect to the DLR are 0.10 and 0.13 ns, respectively. In order to analyze the effects on both satellite and receiver DCB after combining BDS-3 observations, BDS-2 + BDS-3 and BDS-2-only solutions are used to estimate the satellite and receiver DCBs. For BDS-2 satellite DCB, the values of effect are close to 0, with the very limited effect on stability of DCB. For receiver DCB, 106 stations with C2I-C6I observations are collected to conduct analysis. The value of effect on each station is related to
